Objectives: Altered glucocorticoid activity is one possible mechanism linking fetal growth restriction with later insulin resistance (IR) and type 2 diabetes. We aimed to investigate whether serum glucocorticoid parameters are related to IR in children born small for gestational age (SGA). Design: A total of 110 children (55 age-and gender-matched pairs born SGA or appropriate for gestational age (AGA) in a case-control setting) were studied at the mean age of 12.2 (S.D. 0.2) years. Methods: Serum cortisol, corticosteroid-binding globulin (CBG), free cortisol index (FCIZcortisol/CBG), and glucocorticoid bioactivity (GBA, transactivation assay) were analyzed and related to serum adiponectin and insulin-like growth factor-binding protein 1 (IGFBP1) concentrations and homeostasis model assessment for IR (HOMA-IR) and QUICKI indices. Results: In the pooled study population, GBA correlated well with cortisol and FCI (rZ0.681 and 0.586 respectively; P!0.001 for both). Serum cortisol, CBG, FCI, GBA, HOMA-IR, or QUICKI did not differ between the SGA and AGA subjects, but the SGA children had lower body mass index (PZ0.005) and waist circumference (WC) (PZ0.001). The mean GBA in the highest GBA quartile was higher among the SGA subjects than among the AGA subjects (138.6 vs 96.4 nmol/l cortisol equivalents, P!0.001). In the SGA children, GBA correlated positively with HOMA-IR (rZ0.522, P!0.001) and inversely with adiponectin (rZK0.278, PZ0.042) (WC/height ratio adjustments), and in logistic regression analysis, higher GBA (odds ratio (OR) 1.3; PZ0.013), lower adiponectin (OR 1.4; PZ0.038), and lower IGFBP1 (OR 1.9; PZ0.010) associated independently with higher HOMA-IR. Conclusions: These findings suggest that increased glucocorticoid activity and low serum adiponectin concentrations associate with IR in SGA children.
Introduction
The association between growth restriction in early life and cardiovascular morbidity in adulthood was first reported by Barker et al. two decades ago (1) . However, the mechanisms explaining this association are not yet understood, although altered programming of the hypothalamic-pituitary-adrenal (HPA) axis could be involved.
Previous experimental studies have suggested that fetal overexposure to glucocorticoids of maternal or fetal origin reduces birth weight and leads to programming in utero with persistently increased glucocorticoid action throughout life (2, 3) . In addition, mild protein restriction during pregnancy has been reported to reduce 11b-hydroxysteroid dehydrogenase type 2 enzyme activity in offspring's kidneys and cause persistently increased blood pressure (4) . Thus, increased glucocorticoid activity could contribute to the long-term consequences of early growth restriction.
In humans, low birth weight has been associated with increased plasma cortisol concentrations (5-7), enhanced cortisol response to ACTH stimulation, and features of metabolic syndrome in adulthood (8) (9) (10) . In children, Clark et al. reported an association between low birth weight and increased urinary glucocorticoid metabolite excretion (11) , while other investigators have not been able to show any association between birth size and circulating cortisol concentrations (12) (13) (14) (15) (16) . Thus, according to these studies, the association between fetal growth restriction and later increased glucocorticoid activity in humans is still controversial, at least during childhood.
Our aims were to investigate whether circulating glucocorticoid bioactivity (GBA), measured by a transactivation assay (17) , differs between children born small for gestational age (SGA) and appropriate for gestational age (AGA), and whether GBA is related to insulin resistance (IR) and serum adiponectin in SGA children. Serum adiponectin concentrations have been reported to decrease in obesity and insulin-resistant states (reviewed in (18) ).
Subjects and methods

Definitions
SGA was defined as birth weight or length or ponderal index O2 S.D. scores below the respective mean for the gestational age and sex (19) . The ponderal index was calculated as (weight (g)/length 3 (cm))!100. AGA was defined as birth weight, birth length, and ponderal index RK2 S.D. scores and %2 S.D. scores of the respective mean for the gestational age and sex. Homeostasis model assessment for IR (HOMA)-IR index was calculated as ((fasting insulin, mU/ml)!(fasting glucose, mmol/l))/22.5 and QUICKI as 1/(log (fasting insulin, mU/ml)Clog (fasting glucose, mg/dl)) (see (20) ). Free cortisol index (FCI) was calculated as serum cortisol (nmol/l)/corticosteroidbinding globulin (CBG) (mg/l) (21) .
Subjects
The study population consisted of all full-term children who were born SGA at Kuopio University Hospital, Finland, between 1984 and 1986; 73 SGA children (70 singletons and three twins) were included in the study. Each SGA child had the next born full-term AGA child matched for sex as the control subject. At the age of 12 years, 55 SGA children (20 boys and 35 girls) and 55 AGA control subjects participated in this study. Nine mothers (16%) of the SGA subjects were diagnosed to have arterial hypertension (measured blood pressure more than 140/90 mmHg at least two times) during pregnancy; five of these (9.1% of the SGA mothers) had preeclampsia. None of the SGA subjects had chromosomal abnormalities, recognizable genetic diseases, or congenital anomalies. The mean age in both the SGA and AGA groups was 12.2 (S.D. 0.2) years. The study protocol was approved by the Research Ethics Committee of Kuopio University Hospital. Informed written consent was obtained from the child and the parents.
Anthropometric characteristics
Anthropometric data of the study subjects at birth and at 12 years of age are given in Table 1 ; they have been reported in more detail previously (22) . The mean (S.D.) gestational age was 39.0 (1.4) weeks in the SGA group and 39.7 (1.5) weeks in the AGA group. The mean birth measures of the SGA children who dropped out of the study did not differ from those of the participating SGA children.
Blood sampling and laboratory analyses
Blood samples were taken in the morning, between 0900 and 1000 h, after an overnight fast. An i.v. cannula was placed in the antecubital vein for blood sampling, and blood samples were drawn through the cannula after the child had rested for 1 h. Blood glucose concentrations were determined by a glucose oxidase method (enzyme electrode, Nova Biomedical, Waltham, MA, USA). Serum insulin levels were determined by RIA (Phadeseph Insulin RIA, Pharmacia & Upjohn, Inc., GBA was measured directly from 10-ml serum samples using a recombinant cell bioassay in which COS-1 cells are transfected with expression vectors encoding the human glucocorticoid receptor and the nuclear receptor coregulator androgen receptor-interacting protein 3, together with an appropriate reporter gene (luciferase), as described previously (17) . 
Statistical analyses
Results
Parameters of glucocorticoid and insulin metabolism in SGA and AGA subjects
In the combined SGA and AGA groups, serum GBA values correlated strongly with serum cortisol concentrations measured by the immunoassay (rZ0.681, P!0.001) as well as with the FCI derived from the cortisol/CBG ratio (rZ0.586, P!0.001). The means of serum GBA, cortisol, CBG, or FCI did not differ between the SGA and AGA children (Table 1) , but the distributions of GBA, cortisol, and FCI were skewed to high values in the SGA group (demonstrated by higher S.D. values in the SGA group than in the AGA group, Table 1 ). Consequently, the mean GBA in the highest GBA quartile was significantly higher among the SGA subjects than among the AGA subjects (138.6 vs 96.4 nmol/l cortisol equivalents, P!0.001). No significant differences were found in the means of HOMA-IR or QUICKI index between the SGA and AGA groups.
Neither the mean serum IGFBP1 nor adiponectin concentrations differed between the two groups ( Table 1 ). The means of adiponectin, cortisol, FCI, or GBA did not differ between the SGA subgroups with good and poor catch-up growth (detailed data not shown). It is worth noting that the SGA subjects were shorter, lighter, and slimmer (in terms of weight for height, body mass index (BMI), waist circumference (WC), and WC/height ratio) than the AGA controls (Table 1) , but their pubertal development stage did not differ from that of the controls at the time of evaluation (14) .
The relationship between serum GBA with HOMA-IR and QUICKI indices and serum adiponectin levels
In the SGA group, serum GBA correlated significantly with HOMA-IR and QUICKI indices (rZ0.410, PZ0.002 and rZK0.410, PZ0.002). The correlation between GBA and HOMA-IR index was even stronger when adjusted for WC/height ratio (reflecting the relative amount of visceral fat; rZ0.522, P!0.001; Fig. 1 ). Moreover, in the SGA subjects, FCI correlated significantly with HOMA-IR and QUICKI indices, but only when adjusted for BMI (rZ0.356, PZ0.008 and rZK0.313, PZ0.021 respectively) or WC/height ratio (rZ0.338, PZ0.012 and rZK0.298, PZ0.029 respectively). In the SGA children, serum GBA correlated inversely with serum adiponectin (rZK0.271, PZ0.045 and rZK0.278, PZ0.042 when adjusted for WC/height ratio), and serum adiponectin correlated inversely with HOMA-IR and positively with QUICKI (rZK0.443, PZ0.001 and rZ0.443, PZ0.001 Figure 1 Correlation between HOMA-IR index and glucocorticoid bioactivity (GBA) in the SGA children. The r and P values in the figure are those adjusted for waist circumference (WC)/height ratio (reflecting the amount of visceral fat). The three outliers (circled in the figure) were pubertal girls (Tanner breast stages 3-4) with their weights for height 106-122% and WC/height ratios 0.43-0.46 (both above the mean of the whole SGA group). respectively). Furthermore, an inverse correlation was found between serum adiponectin and WC (rZK0.288, PZ0.033), and between serum adiponectin and WC/height ratio (rZK0.298, PZ0.027) in the SGA subjects. All these correlations were also examined in the AGA group, and none of them reached statistical significance (data not shown).
Factors associating with HOMA-IR index in the SGA children
The SGA subjects in the highest HOMA-IR quartile had significantly higher GBA, lower adiponectin and IGFBP1 concentrations, and higher 24-h systolic blood pressure than the SGA subjects in the lower HOMA-IR quartiles. Interestingly, serum cortisol concentrations (measured by the immunoassay) or FCI did not differ significantly between the high and lower HOMA-IR SGA subgroups (Table 2) . When similar comparisons were performed in the control group, the AGA subjects in their highest HOMA-IR quartile had lower mean IGFBP1 (35.5 vs 65.8 mg/l, PZ0.001) and higher BMI (23.9 vs 18.4 kg/m 2 , P!0.001) and WC/height ratio (0.50 vs 0.43, PZ0.001), but adiponectin (PZ0.334), GBA (PZ0.440), and other glucocorticoid parameters or blood pressure levels did not differ when compared to those of the AGA subjects in the lower HOMA-IR quartiles (detailed data not shown). For the multiple logistic regression analysis, the dependent variable HOMA-IR was dichotomized using the 75th percentile level as the cut-off point. In this analysis, higher serum GBA and lower adiponectin and IGFBP1 levels associated independently with higher HOMA-IR index in the SGA group (Table 3 ). An increase of 10 nmol/l cortisol equivalents in serum GBA increased by 1.3-fold the risk of higher HOMA-IR, while a decrease of 1 mg/l in serum adiponectin associated with a 1.4-fold and a decrease of 10 mg/l in serum IGFBP1 with a 1.9-fold risk of high HOMA-IR. The model was adjusted for WC/height ratio, sex, and pubertal stage, none of which was independently associated with high HOMA-IR. The model used explained 61.1% of the variation of HOMA-IR (Table 3) .
Discussion
The present cohort study showed no differences in the mean serum GBA levels or other glucocorticoid parameters between the SGA children and their sexand age-matched AGA controls. However, in the SGA group, serum GBA values exceeding the 75th percentile were significantly higher than those in the AGA group. Furthermore, the SGA subjects with the highest HOMA-IR index had higher serum GBA and lower adiponectin and IGFBP1 levels than those with lower HOMA-IR index. These findings suggest that there is an SGA subgroup with a more insulin-resistant state detectable already in childhood, and that increased glucocorticoid activity associates with it. Previous studies have revealed increased plasma cortisol concentrations or their reactivity, IR, and type 2 diabetes in adult subjects born with low birth weight (5, 6, 10, 11) . Cortisol excess in humans, e.g. in Cushing's syndrome or during pharmacologic glucocorticoid treatment, may induce adverse effects including the components of the metabolic syndrome (hypertension, IR, dyslipidemia, and visceral obesity) (reviewed in (23)). Reynolds et al. (10) reported that men with low birth weight had enhanced responses of plasma cortisol to ACTH and increased total urinary cortisol metabolite excretion. In these subjects, features of metabolic syndrome such as raised blood pressure, glucose intolerance, and hypertriglyceridemia were associated with enhanced adrenal responsiveness to ACTH (10) . The present study showed an association between GBA, measured by the transactivation assay, and IR indices in SGA children. Accordingly, intrauterine growth restriction may lead to alterations in glucocorticoid activity, which may contribute to IR.
Serum GBA associated more clearly than immunologically measured cortisol concentrations or FCI with HOMA-IR index in the SGA children. More than 90% of circulating cortisol in human serum is bound to proteins (CBG and albumin). FCI, calculated as a ratio of serum total cortisol to CBG, eliminates the effect of CBG variation in total cortisol values, and FCI has thus been shown to correlate with free serum cortisol, which is considered the biologically active hormone (21) . Calculation of FCI does not eliminate the influence of variable albumin concentrations on total cortisol levels. We did not measure serum albumin concentration in our study, but we could speculate that the SGA subjects might have had slightly lower serum albumin levels as they were quite slim and their mean BMI was significantly lower than that of the AGA controls (Table 1 , (22)). At least theoretically, variation in serum albumin concentrations could explain the better association of GBA than that of immunologically measured cortisol concentrations or FCI with HOMA-IR index in our study. We assume that our GBA measurement, based on a transactivation assay, estimates the circulating bioavailable cortisol concentrations better than the total cortisol measurement or even the calculated FCI. Thus, GBA measurements can give useful additional information (compared to immunological cortisol assays) on the endogenous activity of the HPA axis and cortisol metabolism. Apparently, GBA measurements have even greater value in conditions where the combined effects of exogenous synthetic glucocorticoids and endogenous cortisol on circulating glucocorticoid milieu are evaluated (24) .
Adiponectin is an adipocyte-specific protein with insulin-sensitizing, anti-atherogenic, and antiinflammatory properties. Circulating adiponectin is decreased in obesity, IR, and type 2 diabetes (reviewed in (18) ). In our study, low adiponectin levels associated with higher HOMA-IR and lower QUICKI indices, i.e. decreased insulin sensitivity, in the SGA children. In addition, serum adiponectin showed a negative correlation with WC and WC/height ratio, suggesting that some SGA children might have extra visceral fat explaining reduced adiponectin levels even though they were not overweight or obese. This type of association was recently reported in somewhat younger SGA children (25) . Glucocorticoids have a negative effect on adiponectin (26, 27) . Dexamethasone inhibited adiponectin release from human adipocytes (26) . Furthermore, decreased circulating adiponectin levels were found in nonobese patients with Cushing's syndrome and in healthy subjects after i.v. hydrocortisone administration (27) . Cianfarani et al. reported that SGA children had lower adiponectin levels than their AGA control children (28) , and that the adiponectin levels were even lower in those SGA children with good postnatal catch-up growth than in those without it (28, 29) . In contrast, Evagelidou et al. (30) found that adiponectin levels had a trend to be slightly higher in SGA children than in their control children. The present study could not find any difference in adiponectin concentrations between SGA and AGA children, and no difference in adiponectin levels was found between the SGA children with good or poor catch-up growth. However, in our SGA subjects, serum adiponectin concentrations correlated inversely with GBA levels even when adjusted for WC/height ratio, which suggests an independent association between GBA and adiponectin. This finding is consistent with the previous reports on the relationship between adiponectin and glucocorticoids (26, 27) .
The reasons for being born SGA are numerous and include fetal, uteroplacental, and maternal factors. The possible mechanisms explaining increased cardiovascular morbidity in adults born SGA (Barker's hypothesis) may also vary depending on the etiology of the intrauterine growth restriction. Thus, it is not surprising that it has been difficult to find conclusive evidence for a single mechanism explaining the association between small birth size and cardiovascular morbidity in adulthood. The current study showed that the subgroup of SGA children with the highest HOMA-IR index had significantly higher GBA than the SGA subjects with lower HOMA-IR index, and that GBA turned out to associate independently of obesity (BMI or WC/height ratio) with high HOMA-IR index. Low serum adiponectin level also associated independently of obesity with high HOMA-IR index. Furthermore, high GBA levels associated independently of obesity with low adiponectin levels. Thus, increased glucocorticoid activity may increase IR in SGA subjects by several mechanisms.
The strengths of this study were the carefully matched SGA and AGA children with a similar age at examination. Moreover, the blood samples were taken exactly between 0900 and 1000 h, minimizing the effect of diurnal variation on both cortisol and adiponectin concentrations. The transactivation-based GBA assay turned out to give additional information compared with the traditional cortisol assay and FCI. Obviously, it is desirable that our findings will be replicated in other (hopefully larger) studies.
In conclusion, there is an SGA subgroup with a more insulin-resistant state detectable already in childhood. Increased glucocorticoid activity and low adiponectin associate independently with this increased IR. GBA measurement, based on a transactivation assay, seems to estimate the circulating bioavailable cortisol concentrations better than the total cortisol measurement or the calculated FCI.
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